
are neede

The Evolving Role of MeCP2 in Human 
Neurodevelopmental Disorders 

  
 
    

Janine LaSalle, Ph.D. 
U.C. Davis School of Medicine 

UC Davis Genome Center UC Davis M.I.N.D. Institute 



What is Epigenetics? 
Multiple layers of epigenetic codes 

Inherited and reversible 
modifications to nucleotides 
or chromosomes that do not 

change the sequence but 
can alter gene expression 

Spatial organization of 
chromosomes 

Kosak and Groudine, 2004 

Histone modifications 

Horn and Peterson, 2002 

Chromatin 
structure 

Cook, 1999 

DNA methylation 

Regulatory  RNAs 

Amaral et al, 2008 
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Presentation Notes
So I thought I would include just a few of my teaching slides in this introduction to define what epigenetics is really about and why its important in neurodevelopmental disorders.  And I apologize in advance for any epigeentics afficianatos in the audience for the oversimplification. Let’s start by defining the term “epigenetics” as inherited and reversible… The major challenge for epigenetic research is that you cant just look at the sequence of the DNA, so the development of new technologies to examine epigenetic modifications has been and is likely to be a major driver in the progression of the field. Here are some examples of epigenetic modifications that we can investigate in the laboratory. DNA methylation, is the addition of methyl groups to the nucleotide cytosine, and this covalent, but reversible modificatin can be thought of as the first layer of epigenetic modifications of DNA.  The next layer is the organization of DNA into histones which serve as the spools that organize the basic structural organization of DNA in the nucleus.  How tightly histones package the DNA is determined by modifications such as acetylation, methylation, or phosphorylation of these tails of histones H3 and H4, which in turn determine how accessible a gene may be for transcription.  For example, an active gene has histone tail modifications that keep it in the more open configuration of the 30 nm fiber, while inactive or noncoding repetitive DNA tend to be in the much more highly compact. And this is really the basis for chromatin, which can be defined as DNA plus associated proteins that can also be organized into higher order structures of chromatin loops within chromosomes that also serve to help organize what otherwise would be a tangled mess of GB of DNA in the nucleus.  And a fairly well acepted model in this field proposed by Peter Cook is that chromatin loops may serve to bring genes to transcription factories in the nucleus that effeciently colocalize the cellular machinery need for gene transcription to discret locations in the nucleus.  When you expand this concept up to the whole nucleus, you can begin to also appreciate how the spatial positioning of a gene within the 3-dimensions space of a nucleus is important because for some genes, location really does matter for its optimal accessibility for transcriptional control.  And the last layer that is really been emerging in recent years is the role of regulatory RNAs in the nucleus, these can b microRNAs for downregulating gene regulation, but also some long noncoding RNAs that have emerged from recent genomic efforts and are gaining appreciation for their role in nuclear organization and gene expression.



The Epigenetic Interface in Autism-Spectrum 
Disorders 

RETT 

IDIC15 

PRADER-WILLI 

DOWN 

FRAGILE X 

ANGELMAN WILLIAMS RUBINSTEIN-TAYBI 
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So how do we know that epigenetics is important in human neurodevelopmental disoders, particularly those on the autism spectrum?  The strongest evidence and clues have really come from human genetics and these rare genetic conditions that affect epigenetic pathways. My laboratory has focused on the disorders on this side, inlcuding Rett syndrome, and the chr 15 disorders of PWS, AS, and more recently chromosome 15q duplication.  And while I will focus on RTT and MeCP2 in this presentation, I also wanted to be inclusinve in this slde to include other disorders on the autism spectrum, as there is epigenetics involved in FXS in the hypermethylation of the FMR1 promoter repeat.  While Down syndrome is caused by trisomy 21 this also influences hypomthylation of a number of promoters genome wide and the levels of MeCP2 in brain.  The critical Williams syndrome locus on chromosome 7 conatins a chromatin remodeling factor.  And, Rubinstein-Taybi syndrome is caused by mutations in a histone actetyltransferase CBP. 



QuickTime™ and a
 decompressor

are needed to see this picture.

Gonzales and LaSalle, 2010 

MECP2 in Rett syndrome and beyond 

•
•
•
•
•
•

Rett syndrome (RTT) 
X-linked dominant, females are heterozygous for MECP2 mutations 
~1/10,000 in US population 
Neurodevelopmental regression around 6 to 18 months of age 
MECP2 encodes a known epigenetic factor, methyl CpG binding protein 2 
 MECP2/MeCP2 is epigenetic at two levels: X chromosome inactivation and 

“reader” of DNA methylation marks 
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Rett syndrome can be considered a Rosetta stone for understanding other human epigenetic disorders not only because of the other disorders that are associated with alterations to Mecp2, but also .by the epigenetic pathays in brain that it has helped reveal.  RTT is caused by loss of function mutations to MECP2 and affects females in an X-linked dominanat manner.  However, dulications of MECP2 are observed in males with IDD and autism, and milder mutations are also found in males and females with IDD.  MECP2 involves epigenetics at 2 levels.  First it is on the X chromosme and subjest to XCI in females, making an interesting mosaic expression of the mutation in different cells in RTT.  In addition, MECP2 encodes one of the essential “readers” of the DNA methylation code, that first layer of epigenetic information in developing neurons.  The level of MeCP2 seems to be critially important since either too much by duplication, or too little as is seen in autism brain are both detrimental.



A “bird’s eye view” of MeCP2 
MeCP2 is a marker for mature neurons 

in the post-natal mammalian brain 
MeCP2 localizes to both inert nuclear 

heterochromatin as well as non-
heterochromatic regions 

Sytox Green 
Anti-MeCP2 

Mouse 

Highlights from Skene et al, Mol. Cell 2010 ChiP-seq analysis of MeCP2 binding 
•
•
•

Neuronal nuclei have about one molecule of MeCP2 for every two nucleosomes 
MeCP2 in neurons binds chromosome-wide, tracking the density of DNA methylation 
MeCP2 deficiency doubles both histone acetylation and histone H1 only in neurons 
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So why are neurons so exquisitely sensitive to MeCP2 level and why does the abundance of of a nuclear protein predict cognitive and behavioral phenotype?  For clues to theis mystery, Ilike liketo give you a birds eye view of MeCP2 in the mammalina brain.  About the last decade of research on MeCP2 has shown that MeCP2 levels are positively correlated with postnatal age and neuronal maturation, making MeCP2 an excellent marker for mature neurons in the post-natal brain.  Here is an IF image of human cortex with MeCP2 in red and nuclear counterstain in red showing the heterogeneity in levels between neurons and glia and even different neurons



Evolving models of MeCP2 come full circle 

Repressor Model 

Structural Model 

Loop and recruit model Active gene modulator model 

Splicing Chromatin 
Remodeling 

Brahma 
YB-1 ATRX 

MeCP2 
HDAC 

Sin3a 

MeCP2 

coactivators 

CREB1 

Transcriptional activator model 

MeCP2 

? 

LaSalle and Yasui, Epigenomics, 2009 
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What MeCP2 is really doing within neurons in the brain has had an interesting and somewhat convoluted  evolution of thought.  The repressor model has been around since the mid-90s that predicts MeCP2 as a transcriptional silencer of methylated promoters based on its interaction with histone deacetylase and the transcriptional repressor Sin3a.  Then Paul Wade came up with a structural model based on the chromatin compaction experiemtns of jeff hansen and chris woodcock, suggesting that MeCP2 was a major structural organizer of heterochromatin, and this structural model considers MeCP2 to more more of a structural organizer rather than a specific gene repressor, but still considers MeC2 as a repressive chromatin element.  This third “loop and recruit” model I have put together as a conglomerate of several labs’ research, including T KS work showing MeCP2 being required for silent chromatin loops, and the Zoghbi lab showing recruitment of splicing factor YB-1 and at least 2 chromatin remodeling factors associating with MeCP2, and this models starts to put MeCP2 at the interface of active and interactive chromatin that may be dynamically changing due to the recruitment of these factrors.  In the genomic ChIP analysis we published 2 years ago that I’m going to summarize, we proposed that MeCP2 is primarily at the promoters of active genes, with the strongest binding sites in methylated regions outside of gene promoters, and thus may be more of a long-range modular of active genes.  And then in 2008, Huda Zoghbi’s lab published additional evidence for MeCP2 at active gene promoters and its associateion with sparsely methylated active gene promoters and the transcription factor CREB1.  So we conder this change in thought more a natural evolution rather than a revolution and I’ll take you through our past and present evidence supporting the current models of MeCP2 active on active genes in brain.



What type of 
genes does 

MeCP2 regulate? 

MeCP2 regulates 
the regulators! 

Especially activity-
dependent 
regulators 

 From Singh, Saxena, Christodoulou,
and Ravine, NAR, 2008 
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I won’t have time to do justice to the long lists of MeCP2 target genes that are summarized in several reviews including this one.  But what the target genes seem to have in common is that they are regulators themselves, so that MeCP2 regulates the regulatos such as BDNF regulator of neuronal growth and LTP, the family of ID genes that inhibit bHLH transcription factors that control cell differentiation, and Creb1 a trascriptional coactivator.  But another recurrent theme is activity dependent genes, such as Bdnf, junB, and egr2 are characterized by rapid increases follwed by decreases in transcription in response to neuronal activity.



MeCP2 is modified in response to environmental 
stimuli and neuronal activity 

Zhou et al, Neuron, 2006 

Post-translational 
modifications of MeCP2 may 
be instrumental to 
understanding its diverse 
functions 
 
phosphorylation 
•
•
•

 pS421 
 pS80 
 pS229 

acetylation and ubiquitylation 

Presenter
Presentation Notes
And this list fits well with the model that has come out of Mike Greenberg’s lab on phosphylation of MeCP2 in response to neuronal activity.  And Joe Zhou from his lab has had the striking observation that even something as simple as light exposure to the rat prior to taking the brain section results in a dramatic increase in the levels of phospho-MeCP2 at S421.  So MeCP2 appears to be involved in translating the messages from the outside environment to regulate the levels of other genes that regulate the responses.  The hunt is on for additional PTMs of MeCP2 and there are at least 2 other phospho sites including S80 and S229 that may change the functional responses of MeCP2 depending on signals.  So we may be looking at a “MeC2 code” potentially as complex as the histone code that may explain the seemingly diverse functions of MeCP2.



What is the essential role for MeCP2 in neuronal 
maturation? 

Act locally, think globally! 

Maturation of 
neurons is 
characterized by 
distinctive 
changes to 
nuclear size, 
nucleolar size, 
and chromatin 
distribution 

DNA dye (DAPI) of mouse cortical neurons 
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But in asking the critical question what is the essential role for MeCP2 in neuronal maturation? We may need to think beyond just lists of target genes and to use the envirnmental slogan…And the global change that I like to ponder is the major difference in overall nuclear appearance and architecture between the nucleus of an embryonic neuron that is relatively small and compact organization compared to that of a mature neuron that is characterized by its much larger size for the same amount of DNA, the large promininent nucleolus, and the fusion of these multiple heterochromatic foci into two large foci on either sides of the nucleolus.  And the question is how much MeCP2 may play a role in the nuclear architecture changes that occur during neuronal maturation.



Analysis of neuronal methylome “landscape” partially 
methylated domains (PMD) 

vs highly methylated domains (HMD) 

MethylC-seq 
Base pair 
resolution of % 
methylation 
genome-wide 

PMDs from Lister et al, Nature, 2009 
–
–
–

–

Large domains of partial methylation (<70%) 
Observed in IMR-90 fetal lung fibroblast, but not in H1 embryonic stem cell  
Contained genes with lower expression values than genes in fully 
methylated regions in IMR-90 
Co-occur with H3K27me3 or H3K9me3 repressive marks 
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So what is the neurnal methyolome that is being read by MeCP2?  For many years we only had small glimpses of individual promoter regions.  But genomic sequencing technologies have opened up a whole new world for understanding the global neuronal DNA methylation landscape and that is the main sory I would like to present. For this we’ve been exploring the NGS method of Methyl-seq which has been done on a very large scale by the Lister et study of Lister et al comaring the human methylome of H1 embryonic stem cells to a fetal lung fibroblast line IMR90.  In this initial study they had the surprising finding of what they termed PMDs.  These domains stood out because unlike the majority of the genome that had high (>80%) methylation, these 50 kb to Mb sized genomic domains showed partial methylation.  But going against the traditional dogma that methylation is always repressive, these domains with lower methylation levels actually showed lower levels of transciption and co-occurred with the well described histone silencing marks of H3K9me3 and H3K27me3.



Partially methylated domains 
are observed in human 

neuronal cell line SH-SY5Y 

PMD in both neuron and 
lung (B-PMD)  

PMD in lung but highly 
methylated in neuron (N-HMD)  

PMD in neuron but highly 
methylated in lung (L-HMD)  

0%, 1-60%, 60-80%, 80-100% methylated 

Schroeder et al, Genome Research, 2011 
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Diane Schroeder in my lab sequenced at relatively lower coverage the human neuronal cell line SH-SY5Y and also found evidence for PMDs, but they were overall less frequent than in the IMR-90 cells and showed interesting differences in the presence or absence of these domains between neurons and fibroblasts.  Diane made these tracks that can be uploaded into the UCSC Genome Browser where black is unmethylated, blue is low methylation, green is partial methylation, and red is highly methylated.  From these tracks these PMDs are clearly visible as blue or black footprints in the methylome, but to make their assignment more systematic, we collaborated with bioinformaticist Ian Krof and his student Paul Lott to use Hidden Markov model to assign the PMD footprints for each cell line, shown in black.  From these footprint maps, you can clearly see 3 different types of domains come out:  those that are PMDs in both neurons and lung fibroblasts we called “B-PMDs” and these are seen over many large gene clusters like the olfactory receptor genes and the HLA gene cluster.  But the most interesting one to us were the ones that were PMDs in fibroblast, but became highly methylated in neurons and these seemed to footprint over many neurolically relevant genes including the contactin CNTNAP2 and DPP6 genes on chromosome 7, both implicated in autism, and we termed these N-HMDs for neuronal highly methylated.  There were also a class of domains that showed the opposite pattern that were PMDs in neurons, but highly methylated in lung fibroblast, and these tended to footprint lung development genes, such as CFTR and immune response genes such as MET, also implicated in autism.



Tissue-specific PMDs encompass neuronal genes involved 
in synapse maturation and neuronal differentiation 

N-HMDs: neurotransmitter 
receptor genes, cell 
adhesion, Ca+ signalling 

L-HMDs: developmental 
genes for lung, gland, 
skeletal, immune 
response 

B-PMDs, olfactory receptor 
gene clusters, keratin, 
early differentiation genes  

Schroeder et al, Gen. Res., 2011 

Presenter
Presentation Notes
Remarkably, genes that were contained within this large scale tissue specific PMDs showed very specific functional patterns,  To analyze genome-wide the categories of gene types in these domains, we looked at all the genes that were within the 3 types, the N-HMDs that were only PMDs in IMR90 cell, the L-HMDs that were only PMDs in SH-SY5Y cells, and the B-PMDs that were PMDs in both by gene ontology pathway analyses.  The gene functions of genes within N-HMDs were highly enriched for synaptic function and maturation, including cell adhision, ion transport, signalling, synaptic transmission and transmission of nerve impulses, and neuron differentiation.  In contrast, those in L-HMDs were involved in development of the respiratory tube and skeletal system, immune response, gland development, and ossification.  B-PMD genes included sensory perception of smell because of the OR clusters, keratinization, defense response, and epidermal and ectodermal developmentl genes.  



Tissue specific highly methylated HMDs
define a subset of tissue specific genes 

 

Genes in L-HMDs are 
expressed in IMR90 
not SH-SY5Y cells 

Genes in B-PMDs are 
mostly repressed in 
both cell types 

Genes in N-HMDs are 
expressed in SH-SY5Y 
not IMR90 cells 
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An when we compared the expression of each gene to its location in the tissue specific highly methylated domain, you can see that genes that were in PMDs in both tissue types were most repressed, but genes that were in L-HMDs defined a subset of genes fibroblasts but not neurons.  And genes that were in N-HMDs were exressed specifically in neurons not fbroblasts.



Neuronal highly methylated (N-HMDs) and partially 
methylated (PMDs) domains footprint many genes on 

15q11-q13 

UBE3A 

HBII85 HBII52 

GABRB3, 
GABRA5, GABRG3 

CHRNA7 

BP1 BP2 BP3 BP4 BP5 

NDN TRPM1 

CHRFAM7A 

KIAA0574 
N-HMD 

SNRPN 
B-PMD 

In addition to PWS and AS, copy number variations in 
autism, epilepsy, schiizophrenia, map to this locus 
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I mentioned in the beginning the disorders associated with the 15q11-13 locus and here is a methyolome landscape map of that locus.  There are multiple interesting PMD footprints over genes in this locus, many of them N-HMDs that are highlighted in yellow and B-PMDs hisghlighted in blue.  This is the whole 10 Mb region spanning from BP1 to BP5.  Interestingly, NDN and UBE3A are not footprinted by PMDs in either cell type, but there are a couple of large PMDs spanning the intergenic region from SNRPN to NDN and around the BP1 region.  SNRPN itself and the mature neuron specific HBII52 snoRNA cluster are also in B-PMDs.  But the HBII85 snoRNA cluster makes a small N-HMD in here and there is a large NHMD footprint over the cluster of all three GABR genes.  In addition, CHRNA7 and its duplicated fusion gene CHRFAM7A, and the neuronally expressed transcripts TRPM1 and KIAA0574 are all N-HMDs.



Autism genes and genetic loci are enriched in partially 
methylated domains 

Genome-wide association study (Wang et al, Nature, 2009) 

Autism candidate genes are preferentially enriched in PMDs 
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So what might these PMD footprints mean for understanding epigenetic changes in autism?  Well, I’m sure we have a lot more work to do to figure this out completely, but the early evidence is intriguing.  First areas of GWAS that never tend to fall conveniently in the coding regions of genes are frequently found in PMDs, such as this high confidence GWAS peak published in Nature on 5p that was found Mb away from either of the cadherin 9 or 0 genes, but interestingly was at the center of the largest PMD we found in the human genome that spanned this cluster of cadherin genes. And lastly, when we performed a chi squared analysis of autism candidate genes from two different lists, there was a significant inrichemnt of these genes in PMDs , particularly the N-HMDs where there were twice as many autism candidate genes in these regions than expected for random distribution.



Epigenetic mechanisms act at the interface of genes 
and the environment 

Autism 

Genetic 

Environmental 

Risk Protection 

XY male 
Copy number variations 
Single gene mutations 
Single gene polymorphisms 

XX female 

In utero Rubella infection 
In utero thalidimide exposure 
Maternal age 
Paternal age 
Parental education 
Environmental Pollutants 

Periconceptional folic acid supplements 
(Schmidt et al, Epidemiology 2011) 
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The real challenge in understanding the etiology of a complex disorder such as autism is that there are likely to be a number of genetic and environmental risk and proptctive factors, only a few of which our currently known.  But you can think of the epigenetic layers as being at the interface of genetic and environamental signals, and that put the neuonal methylome distinctly at this important interface.



Environmental epigenetics 
Flame retardants (PBDEs)  

and social behavior 
Mice perinatally exposed to BDE-47 show reduced brain global 
DNA methylation and reduced sociability 

Global DNA methylation 

Woods et al, HMG, 2012 
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I’m afraid that I don’t have time to tell you this whole story of our mouse studies at the gene environment epigenetic interface.  But here is one data slide from this study of mice perinatally exposed to the organic pollutant PBDE commonly found in consumer products as flame retardants.  This low dose exposure reduced global levels of DNA methylation that correlated with reduced sociability in thiese mice and the effect was independent of MeCP2 genotype.



Environmental impacts on the brain methylome 
An integrative genomics point of view 

LaSalle, Epigenetics, 2011 
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So to try to summarize what we are learning about the global neuronal methylome and the environmental and genetic inputs that may influence it, I’ve recently proposed an integrative genomic point-of-view.  Neurons appear to require a high level of global methylation with around 80% methylation over neurodevelopmentally relevant genes.  This figure oversimplifies the many inputs and pathways that either increase the supply of methyl donors, such as the one carbon cycle that creates the methyl donors from dietary input such as folate, the glutathione pathway that becomes upregulated in order to conjugate diverse environmental exposures but at the expense of inhibiting SAM and draining the methyl donor pathway.  On the genomic side, and increase in total DNA from CNV duplications, or somatic cell division that comes with inflammation and DNA repair that may also have environmental triggers may also create increased demand and reduce overall levels of DNA methylation available to developing neurons in the brain.
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